Nomenclature {#nomen0010}
============

$C_{d}$

:   drag coefficient (dimensionless)

$\rho_{p}$

:   density of water (kg/m^3^)

$F$

:   force (N)

*R*

:   droplet radius (m)

*R*~*s*~

:   settling droplet radius (m)

$F_{b}$

:   buoyancy force (N)

*R*~*e*~

:   Reynolds number (dimensionless)

$F_{d}$

:   drag force or air resistance (N)

RH

:   relative humidity (%)

$F_{g}$

:   gravity force (N)

$s_{x}$, $s_{y}$

:   displacement along *x* and *y* (m)

$F_{s}$

:   force acting by air on vapor from droplet evaporation

$t$

:   time (s)

$t_{a}$

:   time at which droplet becomes an aerosol droplet (*R* ≤ 2.5 μm) (s)

$t_{e}$

:   time at which droplet is entirely evaporated (s)

$g$

:   acceleration due to gravity (m/s^2^)

$T_{f}$

:   air temperature (^0^C)

$k,\ k_{1}$

:   parameter characterizing rate of change of droplet radius (m/s)

$T_{P0}$

:   initial droplet temperature (^0^C)

$L_{x}$

:   horizontal distance travelled after escape from jet (m)

$t_{s}$

:   settling time (s)

$m$

:   mass (kg)

$v$$v_{x}$, $v_{y}$

:   velocity and components (m/s)

$x_{a}$, $y_{a}$

:   coordinates at which droplet becomes an aerosol droplet (*R* ≤ 2.5 μm)

$p,p_{x},p_{y}$

:   momentum and components (kg.m/s)

$\theta$

:   ejection angle (^0^)

$\rho_{f}$

:   density of air (kg/m^3^)

1. Introduction {#sec1}
===============

The outbreak of COVID-19 in late 2019 has rapidly burst into a pandemic over a short period of a few months. The pandemic, which is caused by a novel coronavirus officially named as SARS-CoV-2, has recorded 18 million of confirmed cases and 0.69 million of deaths globally as of August 5, 2020 according to the situation report by WHO 2020 \[[@bib1]\]. In addition to these threatening figures the pandemic has brought about tremendous impact on economic and other human activities all over the world. The impact results from the lockdown of cities, suspension of work and business, shutdown of public facilities, prohibition of public gathering and advice to stay at home or quarantine, in attempts to contain the disease and to slow down the spreading of COVID-19 via social distancing.

While the virus SARS-CoV-2 is thought to be initially transmitted from wild animals, it is now spreading rapidly among humans with an estimated median basic reproduction number of about 2.79 as reported in Liu et al. \[[@bib2]\]. Although there is report of suspected cases of infection from aerosol droplets generated in toilet flushing of virus-bearing faeces or urine and transmitted via drainage piping, the main route of transmission among the general public is generally believed to be through coronavirus-bearing respiratory droplets from carriers (WHO 2020 \[[@bib3]\]). The virus in these respiratory droplets could reach the susceptible directly or indirectly.

Respiratory droplets are expelled from a person in activities like coughing, sneezing, speaking, or even simply breathing. The respiratory droplet cloud contains droplets having a wide spectrum of droplet size and velocity as mentioned in Xie et al. \[[@bib4]\]. The droplet size ranges from \<5 μm for very small droplets (commonly known as aerosol droplets) to hundreds of μm for large droplets (Tellier et al. \[[@bib5]\] and Yan et al. \[[@bib6]\]). As respiratory droplets are the main transmission media of coronavirus, there has been interest in the behavior of the respiratory droplets after leaving the human body. Aerosol droplets will remain suspended in the air for a long time (Liu and Novoselac \[[@bib7]\]) and their movement and settling time are largely affected by local airflow as reported by Wang et al. \[[@bib8]\]. On the other hand the large droplets are expected to move like projectiles. Both the small and large respiratory droplets, if they are virus-bearing, would cause infection if they reach the susceptible and land on the membrane in the respiratory system, or even on the eyes. These droplets could reach the susceptible in a direct or indirect manner. The aerosol droplets might be inhaled directly, and the large droplets could also be inhaled, or deposited directly on membrane in the nose, mouth, or eyes. Such a direct route of transmission could be effectively interfered or stopped via wearing a surgical mask by the susceptible even if someone nearby is shedding virus-bearing respiratory droplets as mentioned in Leung et al. \[[@bib9]\]. On the other, the virus in the large droplets may reach the susceptible in an indirect manner. The large droplets may travel in the air like projectiles and be eventually deposited on some surface nearby, which could a table surface, the wall, the floor, or even clothes. If someone happens to touch these contaminated surfaces with his hands and subsequently touch his nose, mouth, or eyes, the virus may be transmitted to him. It is thus of pragmatic importance to study the trajectories of these large droplets so that one can roughly estimate the range of the droplets after shedding by the carriers (Zhang et al. \[[@bib10]\]). The importance of respiratory pathogen emission in transmission of COVID-19 was emphasized by Bourouiba \[[@bib11]\]. There are numerous studies on various aspects of respiratory droplets, including droplet size distribution by Tseng and Li \[[@bib12]\], Morawska et al. \[[@bib13]\], Haslbeck et al. \[[@bib14]\], Han et al. \[[@bib15]\] and Drossinos and Stilianakis \[[@bib16]\] and respiratory clouds in violent expiratory events by Bourouiba et al. \[[@bib17]\] and Wei and Li \[[@bib18]\]. In particular, Lindsley et al. \[[@bib19],[@bib20]\] and Zayas et al. \[[@bib21]\] reported detailed studies in the aerosol particles generated during coughing while interesting results of the aerosol particles emitted during speech with different loudness were reported by Asadi et al. \[[@bib22]\].

Different aspects of respiratory droplets have been studied by Berrouk et al. \[[@bib23]\] and He et al. \[[@bib24]\] using experimental, numerical and simulation methods. In particular, simulations on the effect of humidity on droplet transport was reported by Wang et al. \[[@bib25]\], the effect of ventilation on droplet transport in a room was reported by Sun and Ji \[[@bib26]\], the transmission of droplet-mediated respiratory diseases on airline was investigated by Hertzberg et al. \[[@bib27]\], the droplet transmission of infection between flats was reported in Gao et al. \[[@bib28]\], and Li et al. \[[@bib29]\] studied the transmission among occupants in a room. Meanwhile, it is also interesting to understand the various factors that affect the trajectory of an individual droplet via basic physics. This is achieved via using a simple model in the present study with the inclusion of droplet evaporation. Evaporation of droplets has been a topic of interest in various fields since the publication of the classic paper by Wells \[[@bib30]\]. In particular, a few years after the outbreak of SARS in 2003, Xie et al. \[[@bib31]\] modified Wells' model and presented a detailed study of exhaled jets. The present study derives and solves the equation of motion of an evaporative droplet under the action of gravity, buoyancy and air resistance, with simplifying assumptions on droplet evaporation rate and drag coefficient, in order to provide a clear physical model of droplet movement. The aim of the present work is thus to employ a simplified approach to highlight the salient features of large respiratory droplet motion and to investigate the effects of various factors affecting droplet range. The results of the present study on the horizontal range of large respiratory droplets are compared with the social distance recommended by public health authorities (WHO 2020 \[[@bib32]\] and CDC \[[@bib33]\]) and experimental values in the literature.

2. A simplified model and governing equations for droplet motion {#sec2}
================================================================

The present study aims at building a simplified model to study the trajectories of droplets in indoor environment. The major assumptions used in deriving the equations of motion are listed below. These assumptions are made with the aim of showing the salient features of droplet trajectory without being masked by complicated formulation. These simplifying assumptions are discussed in the following sections and the consequence of these assumptions is also discussed.

2.1. Major assumptions {#sec2.1}
----------------------

1.The respiratory droplets are non-deforming spheres.2.The respiratory droplets are made of pure water.3.After leaving the exhaled jet the respiratory droplets are moving in static indoor air. In a ventilated room the motion of droplet can be divided into two parts: (i) motion in static air under gravity force, etc., and (ii) motion due to indoor air movement. These two motions can be superposed to give the actual motion of the droplet. An analytical approach is used here to determine the trajectory of droplets in static air. The effect of ventilation on droplet range, which is assumed to be superposable, is discussed in section [3.5](#sec3.5){ref-type="sec"}.4.The rate of decrease of droplet size due to evaporation follows a simplified form given in Kukkonen et al. \[[@bib34]\].

As a droplet travels through the air and experiences various types of force, including gravity force $\overset{\rightharpoonup}{F_{g}}$, buoyancy force $\overset{\rightharpoonup}{F_{b}}$ and drag force or air resistance $\overset{\rightharpoonup}{F_{d}}$. The droplet motion is complicated by evaporation from its surface as it moves through the ambient air. Assume the vapor from evaporation becomes static in mixing with the surrounding air. This means destruction of momentum by the surrounding air, which exerts an additional force $\overset{\rightharpoonup}{F_{s}}$ opposing the vapor from the droplet. The key equation governing droplet motion is Newton\'s second law:$$\frac{d\overset{\rightharpoonup}{p}}{dt} = \overset{\rightharpoonup}{F}$$where $\overset{\rightharpoonup}{p}$ $= m\overset{\rightharpoonup}{v}$ is the momentum, $m$ is the droplet mass, $\overset{\rightharpoonup}{v}$ is the droplet velocity and $\overset{\rightharpoonup}{F}$ is the total force acting on it.

Taking the positive *x*-direction to be from left to right and the positive *y-*direction to be the downward direction, the component form of Eq. [(1)](#fd1){ref-type="disp-formula"} can be expressed as$$\frac{dp_{x}}{dt} = m\frac{dv_{x}}{dt} + v_{x}\frac{dm}{dt} = - F_{dx} - F_{sx}$$ $$\frac{dp_{y}}{dt} = m\frac{dv_{y}}{dt} + v_{y}\frac{dm}{dt} = F_{g} - F_{b} - F_{dy} - F_{sy}$$where *p* ~*x*~ *, p* ~*y*~ are the momentum components, $v_{x}\ \ ,$ $v_{y}$ are the velocity components, *F* ~*g*~ *, F* ~*b*~ and *F* ~*d*~ = ($F_{dx}$ $F_{dy}$) are the gravity force, buoyancy force and drag force, respectively. $F_{s} = \left( F_{sx} \right.$ $F_{sy}$) is the force responsible for the momentum destruction of vapor from evaporation. These forces can be expressed as follows.$$F_{g} = \frac{4\pi}{3}\rho_{P}gR^{3}$$where *R* is the droplet radius, $\rho_{P}$ is the density of droplet, assuming to be water, and *g* is the acceleration due to gravity.$$F_{b} = \frac{4\pi}{3}\rho_{f}gR^{3}$$where $\rho_{f}$ is the density of air.$$F_{d} = \frac{1}{2}C_{d}\rho_{f}v^{2}\pi R^{2}$$where $C_{d}$ is the drag coefficient, which is dimensionless, and $v = \sqrt{{v_{x}}^{2} + {v_{y}}^{2}}$ *.*

The components of *F* ~*d*~ are given by $F_{dx} = \frac{F_{d}v_{x}}{v},F_{dy} = \frac{F_{d}v_{y}}{v}.$

Momentum destruction of vapor from evaporation is described by$$v_{x}\frac{dm}{dt} = - F_{sx}, \cdot \nu_{y}\frac{dm}{dt} = - F_{sy},$$

Putting Eq. [(3a)](#fd3a){ref-type="disp-formula"}, [(3b)](#fd3b){ref-type="disp-formula"}, [(3c)](#fd3c){ref-type="disp-formula"}, [(3d)](#fd3d){ref-type="disp-formula"} in Eqs. [(2a)](#fd2a){ref-type="disp-formula"}, [(2b)](#fd2b){ref-type="disp-formula"},$$m\frac{dv_{x}}{dt} = - \frac{1}{2}C_{d}\rho_{f}\pi R^{2}v_{x}\sqrt{v_{x}^{2} + v_{y}^{2}}$$ $$m\frac{dv_{y}}{dt} = \frac{4\pi}{3}\rho_{P}gR^{3} - \frac{4\pi}{3}\rho_{f}gR^{3} - \frac{1}{2}C_{d}\rho_{f}\pi R^{2}v_{y}\sqrt{v_{x}^{2} + v_{y}^{2}}$$

The forces acting on a droplet as it moves through the air are shown in [Fig. 1](#fig1){ref-type="fig"} .Fig. 1Diagram showing gravity force Fg, buoyancy force Fb and drag force Fd acting on a droplet.Fig. 1

Note that the force $F_{s} = \left( F_{sx} \right.$ $F_{sy}$) responsible for the momentum destruction of vapor from evaporation is not included for clarity as it is not involved in the residual droplet motion ($m\frac{dv_{x}}{dt}$ , $m\frac{dv_{y}}{dt}$) according to Eq. [(4a)](#fd4a){ref-type="disp-formula"}, [(4b)](#fd4b){ref-type="disp-formula"}.

As a droplet moves through the air, its size will decrease due to evaporation. The evaporation from a droplet surface is a complicated phenomenon (Kukkonen et al. \[[@bib34]\]). In a simplified form the rate of evaporation $\frac{dm}{dt}$ may be expressed as$$\frac{dm}{dt} = - kR$$where $k$ is approximately a constant at a given temperature and ambient pressure.

Thus $\frac{d\left\lbrack {\frac{4}{3}\rho_{p}\pi R^{3}} \right\rbrack}{dt} = - kR$ or$$\frac{dR}{dt} = - \frac{k}{4\pi\rho_{p}R} \equiv - \frac{k_{1}}{R}$$where *k* or $k_{1}$ is a complicated function of the air temperature, relative humidity, thermodynamic properties of the droplet liquid (assumed to be water), etc. (Kukkonen et al. \[[@bib34]\]).

Integrating Eq. [(5b)](#fd5b){ref-type="disp-formula"} gives$$R^{2} = R_{0}^{2} - 2k_{1}t, \cdot or$$ $$R = \left\lbrack {{R_{0}}^{2} - 2k_{1}t} \right\rbrack^{1/2}$$

The parameter $k_{1}$ depends on the ambient conditions. In the present study an indoor environment with an air temperature of 18 °C the parameter $k_{1}$ depends on the relative humidity RH. $k_{1}$ may be regarded as some kind of decay or shrinking constant for *R* ^*2*^ or droplet surface area.

The time *t* ~*e*~ for a droplet of initial radius $R_{0\ \ }$ to totally disappear due to evaporation can be obtained from Eq. [(6a)](#fd6a){ref-type="disp-formula"} by putting $R = 0$.$$t_{e} = \frac{R_{0}^{2}}{2k_{1}}$$

The parameter $k_{1}$ can be estimated from the curves relating $t_{e}$ and $R_{0\ }$ in Xie et al. \[[@bib31]\] or from the empirical formula in Ferron and Soderholm \[[@bib35]\]. The values of $k_{1}$ at initial droplet temperature $T_{p0} =$ 33 °C and air temperature $T_{f} =$ 18 °C are shown in [Table 1](#tbl1){ref-type="table"} for different values of relative humidity.Table 1Values of $k_{1}$ (μm)^2^/s) at initial droplet temperature $T_{p0} =$ 33 °C and air temperature $T_{f} =$ 18 °C.Table 1RH (%)RH (%)030507090$\mathbf{k}_{1}$180115744213

[Table 1](#tbl1){ref-type="table"} clearly shows that $k_{1}$ decreases linearly as RH increases. This is an expected result because at higher RH evaporation should be slower.

Putting Eq. [(6b)](#fd6b){ref-type="disp-formula"} into Eqs. [(4a)](#fd4a){ref-type="disp-formula"}, [(4b)](#fd4b){ref-type="disp-formula"} yields a system of coupled differential equations in *v* ~*x*~ and *v* ~*y*~.$$\left\{ \begin{matrix}
{\frac{dv_{x}}{dt} + \frac{3C_{d}}{8\left\lbrack {R_{0}^{2} - 2k_{1}t} \right\rbrack^{1/2}}\frac{\rho_{f}}{\rho_{p}}v_{x}\sqrt{v_{x}^{2} + v_{y}^{2}} = 0\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ } \\
{\frac{dv_{y}}{dt} + \frac{3C_{d}}{8\left\lbrack {R_{0}^{2} - 2k_{1}t} \right\rbrack^{1/2}}\frac{\rho_{f}}{\rho_{p}}v_{y}\sqrt{v_{x}^{2} + v_{y}^{2}} = \left( {1 - \frac{\rho_{f}}{\rho_{p}}} \right)g} \\
\end{matrix} \right.$$ $$\text{with~initial~conditions:} \cdot v_{x}\left( 0 \right) = v_{x_{0},}v_{y}\left( 0 \right) = v_{y_{0},} \cdot \text{and} \cdot R\left( \text{0} \right){= \text{R}}_{\text{0}}.$$

Note that the drag coefficient *C* ~*d*~ is a complex function of the Reynolds number *R* ~*e*~ ([Fig. 2](#fig2){ref-type="fig"} ).Fig. 2Drag coefficient *C*~*d*~ for a sphere as a function of the Reynolds number *R*~*e*~, taken from NASA \[[@bib36]\]. NASA website: <https://www.grc.nasa.gov/www/k-12/airplane/dragsphere.html>.Fig. 2

Taking the droplet diameter to be 200 μm (maximum droplet size in the present study) and velocity to be 50 m/s (maximum droplet velocity in the present study), and the kinematic viscosity *ν* of air to be 1.488 × 10^−5^ m^2^/s, *R* ~*e*~ = *DV*/*ν* = 672. Thus for the conditions in the present study, *R* ~*e*~ ≤ 672.

For 0.2 \< *Re* \< 2 × 10^3^, Polezhaev and Chircov \[[@bib37]\] stated that the drag coefficient for a sphere can be approximately expressed as$$C_{d} = \frac{21.12}{R_{e}} + \frac{6.3}{\sqrt{R_{e}}} + 0.25$$

The droplet in the present model is assumed to be a non-deforming sphere and this is another simplifying assumption stated at the beginning of this section. In reality, a droplet would deform (flattened a bit) when it moves through the air due to air resistance and hence deviates somewhat from sphericity. Its shape may even oscillate with changing sphericity. This will increase the reference area used in Eq. [(3c)](#fd3c){ref-type="disp-formula"} for the drag force $F_{d}$ and the drag coefficient *C* ~*d*~. The assumption of a non-deforming sphere will lead to a smaller drag force $F_{d}$ and hence a longer horizontal range for the droplet.

By using Eq. [(9)](#fd9){ref-type="disp-formula"} and the values of $k_{1}$ in [Table 1](#tbl1){ref-type="table"}, the coupled differential equations (Eq. [(7a)](#fd7){ref-type="disp-formula"} and [7(b)](#fd7){ref-type="disp-formula"}) with given initial conditions can be numerically solved for $v_{x}$, $v_{y}$. The displacements $s_{x}$ and$\ s_{y}$ in the *x* (horizontal) and *y* (downward) direction are then obtained via numerically solving the following equations.$$\frac{ds_{x}}{dt} = v_{x},\ \ \frac{ds_{y}}{dt} = v_{y}$$with initial conditions $s_{x}\left( 0 \right) = 0$, $s_{y}\left( 0 \right) = 0$.

In numerically solving the equations for velocity ($v_{x}$, $\left. v_{y} \right)$ and displacement ($s_{x}$, $\left. s_{y} \right)$, the Runge--Kutta method is employed, with a time step depending on the initial velocity. For example, for $v_{x}\left( 0 \right) = 50$ m/s, the time step selected is 0.01 s, to maintain computational stability. Computation is terminated when the droplet reaches the ground (*y* = 2 m) or when its size is reduced to 5 μm in diameter or 2.5 μm in radius. For such small droplets, known as aerosol droplets as pointed out by Tellier et al. \[[@bib5]\], the motion is not governed by Eq. [(7)](#fd7){ref-type="disp-formula"}.

The trajectories for various cases relevant to conditions of indoor environments are given in the following sections.

3. Results and discussion {#sec3}
=========================

3.1. General features of droplet motion {#sec3.1}
---------------------------------------

To obtain the general features of a droplet motion, an example with the following conditions and data is used:

*R* ~*0*~ = 100 μm, $v_{x}\left( 0 \right) = 10\ \text{m}/\text{s},\ v_{y}\left( 0 \right) =$ 0, initial droplet temperature $T_{p0} =$ 33 °C, air temperature $T_{f} =$ 18 °C, RH = 50%, $\rho_{p}$ = 0.9986 × 10^3^ kg/m^3^, $\rho_{f} =$ 1.2077 kg/m^3^, $k_{1}$ = 74 μm)^2^/s. ([Table 1](#tbl1){ref-type="table"}).

The velocity components as a function of time are shown in [Fig. 3](#fig3){ref-type="fig"} (a) and (b) while the trajectory is shown in [Fig. 3](#fig3){ref-type="fig"}(c).Fig. 3Velocity components and trajectory for *R*~*0*~ = 100 μm, $v_{x}\left( 0 \right) =$ 10 m/s, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Fig. 3

The curves in [Fig. 3](#fig3){ref-type="fig"} are typical of a respiratory droplet projecting horizontally into the air. The downward velocity $v_{y}$ asymptotically approaches a terminal value (about 0.5 m/s in this example) and the horizontal velocity $v_{x}$ asymptotically approaches zero, both occurring at about *t* = 0.25 s. After this the droplet is almost falling vertically with a constant downward velocity of 0.5 m/s. These asymptotic features arise from air resistance or drag force. In [Fig. 3](#fig3){ref-type="fig"}(a), the variation of $v_{x}$ with time shows that the deceleration is very large at the beginning. This is because the drag force, which opposes the motion, is large when the velocity is large at the beginning. When $v_{x}$ decreases, the drag force decreases and the deceleration in $v_{x}$ also decreases, making the change in $v_{x}$ negligible. For respiratory droplets, the value of $s_{x}$ at $s_{y}$ $=$ 2 m is commonly taken to be the droplet range $L_{x}$ in the literature. That is, the range is the horizontal distance travelled when the droplet has fall through a vertical distance of 2 m. For the scenario above, the time to fall through a vertical distance of 2 m (to the ground), known as the settling time $t_{s}$, is around 4.02 s, which is much longer than the time in a free fall (about 0.6 s).

3.2. Effect of relative humidity {#sec3.2}
--------------------------------

The relative humidity is one factor affecting the evaporation rate. The trajectories for the case: *R* ~*0*~ = 60 μm or 100 μm, $v_{x}\left( 0 \right) = 10\ \text{m}/\text{s},\ v_{y}\left( 0 \right) =$ 0, initial droplet temperature $T_{p0} =$ 33 °C, air temperature $T_{f} =$ 18 °C, at different values of RH are shown in [Fig. 4](#fig4){ref-type="fig"} .Fig. 4Trajectories for *R*~*0*~ = 60 μm and 100 μm, $v_{x}\left( 0 \right) = 10\ \text{m}/\text{s},\ v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, at different values of RH.Fig. 4

At lower RH, the evaporation rate is higher. Hence for a given droplet, its radius is smaller compared with the case of higher RH at corresponding times. A smaller droplet radius leads to a smaller Reynolds number *R* ~*e*~ and hence a larger drag coefficient *C* ~*d*~ and a larger air resistance. Thus the range is smaller at lower RH, as depicted in [Fig. 4](#fig4){ref-type="fig"}. The range ***L*** ~***x***~ **,** settling time *t* ~*s*~ and the settling radius on reaching the ground *R* ~*s*~ are shown in [Table 2](#tbl2){ref-type="table"} . Note for a droplet of initial radius *R* ~*0*~ = 60 μm at RH = 0%, the droplet radius is reduced to 2.5 μm (becoming an aerosol droplet) before reaching the ground.Table 2Range ***L***~***x***~, settling time *t*~*s*~ and settling radius *R*~*s*~ of droplet with initial radius *R*~*0*~ = 60 μm and 100 μm at different RH.Table 2*R*~*0*~ = 60 μmRH*t*~*s*~ (s)*L*~*x*~ (m)*R*~*s*~ (μm)*Percentage Decrease in R*0%--------50%7.87 s0.75 m49.35 μm17.75%90%7.94 s0.80 m58.25 μm2.92%*R*~*0*~ = 100 μmRH*t*~*s*~ (s)*L*~*x*~ (m)*R*~*s*~ (μm)*Percentage Decrease in R*0%4.01 s0.98 m92.46 μm7.54%50%4.02 s1.07 m96.98 μm3.02%90%4.06 s1.20 m99.47 μm0.53%

The results for droplets in the present study (*R* ~*0*~ = 60 μm--100 μm, or diameter from 120 μm--200 μm) show that RH has important effect on the range or fate.

3.3. Effect of initial droplet size *R*~*0*~ {#sec3.3}
--------------------------------------------

When a respiratory droplet enters the ambient air its size is continuously reduced due to evaporation. If the droplet remains large enough (*R* ≥ 2.5 μm) in the air*,* it will eventually reach the ground with a horizontal range ***L*** ~***x***~. If it is reduced to an aerosol droplet (*R* ≤ 2.5 μm) before reaching the ground, it will remain suspended in the air for a long time. For a given indoor environment, the fate of a respiratory droplet depends on its initial size. For air temperature = 18 °C and RH = 50%, and taking the initial droplet height to be 2 m, it is found that *R* ~*0*~ = 60 μm is the demarcation in droplet size. Droplets with *R* ~*0*~ ≥ 60 μm can reach the ground while those with *R* ~0~ ≤ 50 μm are reduced to aerosol droplets in the air.

The trajectories of droplets of different initial size (*R* ~*0*~ = 60--100 μm**)** having the same initial velocity of 10 m/s and under the same environmental conditions are shown in [Fig. 5](#fig5){ref-type="fig"} .Fig. 5Trajectories for droplets with initial radius *R*~*0*~ in the range 60 μm--100 μm, $v_{x}\left( 0 \right) =$ 10 m/s, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Fig. 5

The range ***L*** ~***x***~ **,** settling time *t* ~*s*~ and the settling radius on reaching the ground *R* ~*s*~ are shown in [Table 3](#tbl3){ref-type="table"} . The trend shows that the range increases with the initial droplet size because of larger initial kinetic energy or momentum and a smaller percentage decrease in size.Table 3Range ***L***~***x***~, settling time *t*~*s*~ and settling radius *R*~*s*~ of droplet with initial radius *R*~*0*~ in the range 60 μm--100 μm, $v_{x}\left( 0 \right) =$ 10 m/s, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Table 3*R*~*0*~ (μm)*t*~*s*~ (s)*L*~*x*~ (m)*R* (μm)Percentage Decrease in R607.87 s0.75 m49.35 μm17.75%706.35 s0.84 m62.35 μm10.10%80\
905.37 s\
4.56 s0.92 m\
0.99 m74.87 μm\
86.17 μm6.41%\
6.23%1004.02 s1.07 m96.98 μm3.02%

For the smaller droplets (initial radius *R* ~*0*~ ≤ 50 μm), they are reduced to aerosol droplets in the air before reaching ground. Their trajectories before being turned into aerosol droplets are shown in [Fig. 6](#fig6){ref-type="fig"} . The time and position at which this occurs are shown in [Table 4](#tbl4){ref-type="table"} .Fig. 6Trajectories for droplets with initial radius *R*~*0*~ in the range 20 μm--50 μm, $v_{x}\left( 0 \right) =$ 10 m/s, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Fig. 6Table 4Fate of the smaller droplets with initial radius *R*~*0*~ in the range 20 μm--50 μm in an environment with air temperature $T_{f} =$ 18 °C and RH = 50%.Table 4*R*~*0*~ (μm)20304050*t*~*a*~ (s)1.333.025.388.43*x*~*a*~ (m)0.180.300.350.58*y*~*a*~ (m)0.060.280.741.74[^1]

3.4. Effect of initial droplet velocity $\mathbf{v}_{\mathbf{x}}\left( 0 \right)$ {#sec3.4}
---------------------------------------------------------------------------------

When a droplet is ejected with a higher velocity, it is expected that its range will be longer. This is demonstrated by the trajectories in [Fig. 7](#fig7){ref-type="fig"} for a droplet of initial size *R* ~*0*~ = 100 μm but with different initial velocities. Note that in all the cases the horizontal distance travelled increases only slightly beyond a vertical drop of about 0.75 m, suggesting that the droplet has consumed its initial horizontal momentum after falling through this height. [Table 5](#tbl5){ref-type="table"} shows the range ***L*** ~***x***~ and the settling time *t* ~*s*~ for different initial velocities.Fig. 7Trajectories for *R*~*0*~ = 100 μm, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%, at different values of $v_{x}\left( 0 \right)$.Fig. 7Table 5Range ***L***~***x***~ and settling time *t*~*s*~ for *R*~*0*~ = 100 μm, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%, at different values of $v_{x}\left( 0 \right)$.Table 5$\mathbf{v}_{\mathbf{x}}\left( 0 \right)$ (ms^−1^)*t*~*s*~ (s)*L*~*x*~ (m)24.01 s0.34 m54.01 s0.68 m104.02 s1.07 m204.04 s2.02 m504.06 s2.76 m

3.5. Effect of initial droplet size *R*~0~ and initial velocity $\mathbf{v}_{\mathbf{x}}\left( 0 \right)$ on range and settling time {#sec3.5}
------------------------------------------------------------------------------------------------------------------------------------

[Fig. 8](#fig8){ref-type="fig"} below compares the range *L* ~*x*~ for droplets of different values of initial size *R* ~0~ and initial velocity $v_{x}\left( 0 \right)$. It is obvious that for a given initial size, the range increases with the initial velocity while for a given initial velocity the range increases with the initial droplet size. This again shows that larger initial kinetic energy or momentum results in a longer range, though the dependence is complicated.Fig. 8Effect of initial velocity and initial droplet size on horizontal range $L_{x}$ for $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Fig. 8

Taking droplet initial velocity to be 2--5 m/s in speaking (Chao et al. \[[@bib38]\]), the range $L_{x}$ is within 0.16 m--0.68 m. In coughing, assuming an ejection velocity of 10 m/s (Chao et al. \[[@bib38]\]), $L_{x}$ is within 0.58 m--1.09 m. In sneezing, assuming an ejection velocity of 50 m/s horizontally (Tang et al. \[[@bib39]\]), $L_{x}$ is within 1.34 m--2.76 m. The value for sneezing may be over-estimated as the ejection direction in sneezing is commonly not horizontal, as will be discussed in a later section.

The experimental values of the range of large respiratory droplets have been reported in a number of studies over the past twenty years. Li et al. \[[@bib40]\] studied droplet dispersions of respiratory plumes produced by a mannequin and measured the range using water-sensitive paper. For large droplets (larger than 50--100 μm), the range is about 1.5 m for breathing. It should be commented that this value is much larger than common values reported in the literature obtained by other methods. Xie et al. (2007) estimated a range of less than 1 m in breathing using numerical method. Zhu et al. \[[@bib41]\] used particle image velocimetry to study expelled during coughing. A maximum velocity of 22 m/s was recorded, and the range is more than 2 m. Bourouiba et al. \[[@bib17]\] reported experimental study using high-speed videography of human subject exhalations. Droplets expelled during sneezing and coughing were carried within a turbulent gas cloud and the range could reach 2.5 m. Wei and Li \[[@bib18]\] used water tank experiments and found that the large particles (96 μm) could travel a distance up to 1.4 m.

It should be pointed out that the range calculated in the present study refers to the horizontal distance travelled by a droplet after escaping from the exhaled cloud or jet. As the droplet has been carried forward in the cloud or jet for some distance before falling out, the actual range measured from the exhalation point should be larger than that calculated in the present study, as illustrated in the experimental values above. In view of the values of range calculated or experimentally determined, one may comment that the general advice of maintaining a safe social or physical distance of about 2 m from others is adequate except for violent expiratory events like coughing and sneezing (\[[@bib32],[@bib33]\]).

In the analysis above, the indoor air is assumed to be static. In a room with ventilation airflow is present and this will affect the range. The motion of droplet can be regarded as coming from two origins: (i) motion in static air under gravity force, etc., and (ii) motion due to indoor air movement. These two motions can be superposed to give the actual motion of the droplet. The aim of the present work is to study the motion (i). The influence of indoor air movement on droplet motion is complicated by the variability of air velocity at different locations indoor. To a first approximation the following estimated amendment to the range could be made if the settling time of droplets and the air velocity are known. The settling time *t* ~*s*~ for droplets of initial sizes and velocities are shown in [Table 6](#tbl6){ref-type="table"} , which shows that *t* ~*s*~ roughly lies between 4 and 8 s. Assuming an air velocity of 0.33 m/s in a ventilated room (Chen and Zhao \[[@bib42]\]) a respiratory droplet would be carried through a distance of 1.32 m--2.64 m simply by the airflow. Thus if the airflow direction is the same as that of the droplet at ejection, both being horizontal, then this distance will add to the horizontal range of the droplet to cause an increase in the range. Under certain conditions a droplet can be reduced to an aerosol droplet (*R* ≤ 2.5 μm), which will remain suspended in the air. In this case the airflow in a ventilated indoor environment can bring the aerosol droplet to a much greater distance.Table 6Settling time *t*~*s*~ for droplets of different initial sizes and velocities.Table 6$\mathbf{t}_{\mathbf{s}}$$\mathbf{v}_{\mathbf{x}}\left( 0 \right)$**\\*R***~**0**~60 *μ*m70 *μ*m80 *μ*m90 *μ*m100 *μ*m2 m/s6.78 s6.15 s5.09 s4.39 s4.01 s5 m/s7.80 s6.25 s5.25 s4.54 s4.01 s10 m/s7.87 s6.35 s5.37 s4.56 s4.02 s20 m/s7.97 s7.10 s5.38 s4.58 s4.04 s50 m/s8.04 s7.35 s5.40 s4.60 s4.06 s

3.6. Effect of air resistance and evaporation on range {#sec3.6}
------------------------------------------------------

In order to illustrate the relative significance of the effect of air resistance and droplet evaporation on the range, the following cases are considered.

*R* ~*0*~ = 100 μm, $v_{x}\left( 0 \right) = 10\ \text{m}/\text{s},\ v_{y}\left( 0 \right) =$ 0, initial droplet temperature $T_{p0} =$ 33 °C, air temperature $T_{f} =$ 18 °C, RH = 50%,

Case A: Motion considering gravity and buoyancy only, without considering air resistance and evaporation. Then Eq. [(7)](#fd7){ref-type="disp-formula"} reduces to:$$\left\{ \begin{matrix}
{\frac{dv_{x}}{dt} = 0,v_{x}\left( 0 \right) = v_{x_{0}},} \\
{\frac{dv_{y}}{dt} = \left( {1 - \frac{\rho_{f}}{\rho_{p}}} \right)g,v_{y}\left( 0 \right) = v_{y_{0}}.} \\
\end{matrix} \right.$$

Under the environmental conditions above, the factor $\left( {1 - \frac{\rho_{f}}{\rho_{p}}} \right)$ that describes buoyancy is very small, being about 0.998. Thus the droplet motion or trajectory is almost the same as a free projectile motion. That is, the effect of buoyancy is negligible. In addition, it can be seen that the motions in the horizontal and vertical direction are independent of each other as the two differential equations in the *x-*direction and *y-*direction are uncoupled. On the other hand, the two differential equations in Eq. [(7)](#fd7){ref-type="disp-formula"} are coupled by the drag force term.

Case B: Motion considering gravity, buoyancy, air resistance but without evaporation. Since evaporation is assumed to be absent, $R = R_{0}$ throughout the trajectory. Then Eq. [(7)](#fd7){ref-type="disp-formula"} reduces to:$$\left\{ \begin{matrix}
{\frac{dv_{x}}{dt} + \frac{3C_{d}}{8\left( R_{0} \right)}\frac{\rho_{f}}{\rho_{p}}v_{x}\sqrt{v_{x}^{2} + v_{y}^{2}} = 0,v_{x}\left( 0 \right) = v_{x_{0}},} \\
{\frac{dv_{y}}{dt} + \frac{3C_{d}}{8\left( R_{0} \right)}\frac{\rho_{f}}{\rho_{p}}v_{y}\sqrt{v_{x}^{2} + v_{y}^{2}} = \left( {1 - \frac{\rho_{f}}{\rho_{p}}} \right)g,v_{y}\left( 0 \right) = v_{y_{0}.}} \\
\end{matrix} \right.$$

Case C: Motion considering gravity, buoyancy, air resistance and evaporation. This is the general case governed by Eq. [(7a)](#fd7){ref-type="disp-formula"} and Eq. [(7b)](#fd7){ref-type="disp-formula"}.

The trajectories of these three cases are shown in [Fig. 9](#fig9){ref-type="fig"} while the settling times and ranges are shown in [Table 7](#tbl7){ref-type="table"} . It can be seen that air resistance or drag force has the largest effect on droplet trajectory and range and on the settling time. Comparing case A and B, the range is reduced by about 77% solely due to the presence of air resistance. For the conditions in the example shown, evaporation also decreases the range (by about 27%) as depicted by the values in [Table 7](#tbl7){ref-type="table"} for case B and case C. Evaporation would reduce the size of the droplet in its course, which in turn would decrease the Reynolds number and increase the drag coefficient or force. This leads to a decrease in the range. It is also interesting to note from [Table 7](#tbl7){ref-type="table"} that air resistance greatly increases the settling time while evaporation mildly increases the settling time.Fig. 9Effect of air resistance and evaporation on trajectory, $R_{0}$ = 100 μm, $v_{x}\left( 0 \right) =$ 10 m/s, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Fig. 9Table 7Settling time *t*~*s*~ and range *L*~*x*~ for $R_{0}$ = 100 μm, $v_{x}\left( 0 \right) =$ 10 m/s, $v_{y}\left( 0 \right) =$ 0, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50% in the three cases.Table 7Case*t*~*s*~ (s)*L*~*x*~ (m)A0.64 s6.39 mB3.89 s1.46 mC4.02 s1.07 mTable 8Range and settling time for droplet *R*~*0*~ = 100 μm, $v\left( 0 \right) = 10\ \text{m}/\text{s}$ with different ejection angle, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Table 8Ejection angle *θ*Range *L*~*x*~Settling time *t*~*s*~−30^0^0.83 m5.51 s−15^0^0.91 m5.36 s0^0^1.07 m4.02 s15^0^1.02 m3.71 s30^0^0.95 m3.16 s

3.7. Effect of ejection angle {#sec3.7}
-----------------------------

The range of a respiratory droplet depends on the ejection velocity (initial velocity) of the droplet, which in many studies, is taken to be horizontal. However, respiratory droplets are ejected in an exhaled cloud or jet, the centerline of which might not be horizontal. In addition, as the exhaled air jet has a temperature (about 33 °C) different from that of the indoor ambient air (say 18 °C), the jet is a non-isothermal one, which has a centerline curving upward after exhalation even if the initial jet direction is horizontal, as shown in [Fig. 10](#fig10){ref-type="fig"} .Fig. 10Escape of droplets from a non-isothermal jet exhaled by a human subject. The droplet escapes from the jet at E and reaches the ground at B (Bourouiba et al. \[[@bib17]\] and Baturin \[[@bib43]\]).Fig. 10

Thus the velocity of a droplet at escape (the initial velocity in the present study) might not be horizontal, but might bear an angle to the horizontal. It is interesting to study the effect of the ejection angle (the angle at escape from cloud or jet) on the range. Suppose a droplet is ejected with initial velocity $\ v\left( 0 \right)$ at an angle *θ* (*θ* is taken as negative if it is an angle of elevation and as positive if it is an angle of depression) about the horizontal. Then the initial velocity components are given by$$v_{x}\left( 0 \right) = v\left( 0 \right)\cos\ \theta$$ $$v_{y}\left( 0 \right) = v\left( 0 \right)\sin\ \theta$$

Using the differential equations Eqs. [(7a) and (7b)](#fd7){ref-type="disp-formula"} and the initial conditions given by Eqs. [(13a)](#fd13a){ref-type="disp-formula"}, [(13b)](#fd13b){ref-type="disp-formula"}, the trajectories for droplets ejected at different angles can be determined using numerical method.

The trajectories for R~0~ = 100 μm, $v\left( 0 \right) = 10\ \text{m}/\text{s}$, initial droplet temperature $T_{p0} =$ 33 °C, air temperature $T_{f} =$ 18 °C, RH = 50%, at different ejection angles $\theta$ are shown in [Fig. 11](#fig11){ref-type="fig"} .Fig. 11Trajectories for droplet *R*~*0*~ = 100 μm, $v\left( 0 \right) = 10\ \text{m}/\text{s}$ with different ejection angles, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%. The range and settling time for different ejection angles are shown in [Table 8](#tbl8){ref-type="table"}.Fig. 11

In a free projectile when a particle is ejected at an elevation angle, both the time in air and the horizontal velocity component depend on the angle. When this angle increases, the time of travel increases but the horizontal velocity component decreases and the range is maximized at an elevation angle of 45^0^. When air resistance and evaporation are present, the case becomes complicated and no simple conclusion can be drawn. As shown in [Fig. 11](#fig11){ref-type="fig"} and [Table 8](#tbl8){ref-type="table"}, an elevation angle for droplet ejection would decrease the range, though the settling time is increased.

For speaking or coughing, one may assume that the ejected jet has a centerline which is horizontal. However, this is not the case in sneezing. In sneezing the ejection angle is normally a depression angle θ below the horizontal and this will affect the range $L_{x}$ and also the settling time $t_{s}$.

The trajectories for *R* ~*0*~ = 100 μm, $v\left( 0 \right) = 50\ \text{m}/\text{s}$ (sneezing), at different ejection angles $\theta$ (depression) are shown in [Fig. 12](#fig12){ref-type="fig"} with the settling time and range given in [Table 9](#tbl9){ref-type="table"} .Fig. 12Trajectories for droplet *R*~*0*~ = 100 μm, $v\left( 0 \right) = 50\ \text{m}/\text{s}$ ejected with different depression angles, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Fig. 12Table 9Range and settling time for droplet *R*~*0*~ = 100 μm, $v\left( 0 \right) = 50\ \text{m}/\text{s}$ with different ejection angle, $T_{p0} =$ 33 °C, $T_{f} =$ 18 °C, RH = 50%.Table 9Ejection angle *θ*Range *L*~*x*~Settling time *t*~*s*~0^0^2.76 m4.06 s+30^0^2.18 m3.45 s+45^0^1.87 m2.62 s+60^0^1.54 m2.17 s

When a droplet is ejected at a depression angle, both the settling time and the initial horizontal velocity component are decreased. Thus the range is decreased compared with a horizontally ejected droplet at the same initial velocity, as illustrated in [Fig. 12](#fig12){ref-type="fig"} and [Table 9](#tbl9){ref-type="table"}. It can be seen that the greater is the angle of depression, the shorter is the range as both the settling time and horizontal velocity component are decreased.

4. Conclusions {#sec4}
==============

In the present work the motion and trajectories of large respiratory droplets are studied using a simplified single-droplet approach aiming at elucidating the mechanics governing the droplet motion. In addition to gravity force, buoyancy force, and air drag force, evaporation from droplets are included in the formulation. Droplets with initial radius *R* ~*0*~ in the range 20 μm--100 μm (diameter 40 μm--200 μm) and ejection velocity $v\left( 0 \right)$ in the range 2 m/s -- 50 m/s are studied with the trajectories determined using numerical methods. The following concluding remarks on the effect of various factors like initial droplet size and velocity, ejection angle, and relative humidity can be made:1.For the respiratory droplets studied, air resistance has the most important effect on droplet motion.2.Relative humidity and hence droplet evaporation also affects the droplet range and fate. For small droplets at low RH, the evaporation rate may be high enough to reduce the droplet to an aerosol droplet, which will remain suspended in the air for a long time instead of falling onto the ground as a projectile.3.Under the same environmental conditions, initial droplet ejection velocity and droplet size are the important parameters in determining the droplet range. Higher initial velocity and large initial droplet size result in a longer range.4.Assume an indoor environment with air temperature at 18 °C and relative humidity at 50%. Taking droplet velocity to be 2 $-$ 5 m/s in speaking, the range $L_{x}$ is within 0.16 m--0.68 m. In coughing, assuming an ejection velocity of 10 m/s, $L_{x}$ is within 0.58 m--1.09 m. In sneezing, assuming an ejection velocity of 50 m/s horizontally, $L_{x}$ is within 1.34 m--2.76 m. The value for sneezing may be over-estimated as the ejection direction in sneezing is normally not horizontal, but downward at an angle. In addition, the calculated values of range are slightly smaller than the experimental values because the former refer to the distance travelled by droplets after leaving the expelled cloud or jet.The values of range for respiratory droplets obtained in the present study suggest that the general advice from authorities of maintaining a safe social or physical distance of about 2 m is adequate except for violent expiratory events like coughing and sneezing.5.It has to be pointed out that these values of droplet range have been obtained without considering ambient airflow. For indoor environment with standard ventilation, airflow at a velocity of 0.33 m/s is present. By superposition and assuming a settling time of 4--8 s for droplets with initial diameter in the range 120 μm--200 μm, the airflow may result in an additional 1.32 m--2.64 m in range in the most favorable case. For droplets which are reduced to aerosol droplets, they may be carried to a much greater distance due to their long life in suspension.
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[^1]: $t_{a}$ and (*x*~*a*~, *y*~*a*~): time and position at which droplet becomes an aerosol droplet (*R* ≤ 2.5 μm).
